Francisella tularensis, the highly virulent etiologic agent of tularemia, is a low-dose intracellular pathogen that is able to escape from the phagosome and replicate in the cytosol. Although there has been progress in identifying loci involved in the pathogenicity of this organism, analysis of the genome sequence has revealed few obvious virulence factors. We previously reported isolation of an F. tularensis subsp. tularensis strain Schu S4 transposon insertion mutant with a mutation in a predicted hypothetical lipoprotein, FTT1103, that was deficient in intracellular replication in HepG2 cells. In this study, a mutant with a defined nonpolar deletion in FTT1103 was created, and its phenotype, virulence, and vaccine potential were characterized. A phagosomal integrity assay and lysosome-associated membrane protein 1 colocalization revealed that ⌬FTT1103 mutant bacteria were defective in phagosomal escape. FTT1103 mutant bacteria were maximally attenuated in the mouse model; mice survived, without visible signs of illness, challenge by more than 10 10 CFU when the intranasal route was used and challenge by 10 6 CFU when the intraperitoneal, subcutaneous, or intravenous route was used. The FTT1103 mutant bacteria exhibited dissemination defects. Mice that were infected by the intranasal route had low levels of bacteria in their livers and spleens, and these bacteria were cleared by 3 days postinfection. Mutant bacteria inoculated by the subcutaneous route failed to disseminate to the lungs. BALB/c or C57BL/6 mice that were intranasally vaccinated with 10 8 CFU of FTT1103 mutant bacteria were protected against subsequent challenge with wild-type strain Schu S4. These experiments identified the FTT1103 protein as an essential virulence factor and also demonstrated the feasibility of creating defined attenuated vaccines based on a type A strain.
Francisella tularensis is an endemic zoonotic gram-negative bacterium that is found throughout the United States, Europe, and Asia. There are two main subspecies, F. tularensis subsp. tularensis and F. tularensis subsp. holarctica (also known as type A and type B, respectively), that are responsible for the majority of infections and disease. Another related species (possibly a subspecies), Francisella novicida, is highly virulent in mice but is avirulent in immunocompetent humans. Although primarily a vector-borne disease, F. tularensis infection can also occur through inhalation of contaminated materials. Infection with a type A strain can be particularly severe, and this subspecies has been targeted as a potential agent of biological warfare. A live vaccine strain (LVS), which is an attenuated type B strain, has been safely used as a tularemia vaccine for over 50 years in Europe and Asia, but a number of regulatory issues have prevented licensing and approval by the FDA (for a review, see reference 9).
F. tularensis is a facultative intracellular bacterium that can invade a variety of cell types, including macrophages, endothelial cells, and hepatocytes (1, 8, 16) . A few factors that regulate or facilitate phagosome escape and intracellular survival of F. tularensis have been identified (22, 31, 40, 43, 49) . So far, many of the factors identified are encoded on a 30-kb Francisella pathogenicity island (FPI) that has at least 17 open reading frames (40) . Two proteins encoded on the FPI, IglA and IglB, are interacting cytoplasmic proteins that have similarity to a recently described type VI secretion system (12) . Most of the work with FPI genes has been done with F. novicida because a single copy of FPI is present in F. novicida, whereas duplicate copies are present in LVS and Schu S4. In part because analysis of the genome sequence revealed few obvious virulence factors, several laboratories have created site-specific mutations or used transposon mutagenesis of LVS or F. novicida as a means to identify virulence-associated loci (20, 33, 36, 42, 44, 51, 53, 58) . The mutations have included mutations in purine (42, 44) and lipopolysaccharide (LPS) biosynthetic genes (33) , as well as hypothetical genes (53) . To identify virulence genes and attenuating mutations that were directly relevant to type A strains, we created a transposon insertion library in Schu S4 and then screened this library for attenuated mutants to identify potential new live vaccine candidates for use against tularemia (43). One of the candidate mutants had a transposon inserted into the FTT1103 locus, which was predicted to encode a hypothetical lipoprotein. This hypothetical protein shares some similarity with DsbA proteins, which are proteins that catalyze disulfide bond formation (6) . Whether this protein functions in this manner in F. tularensis still needs to be clarified. The FTT1103 mutant strain was found to be defective in intracellular growth, and in J774A.1 cells there was a decreased ability to escape from phagosomes. This strain was avirulent in mice with all routes of infection that were tested, and importantly, immunization with this strain provided protection against challenge with the wild-type strain. These results indicated that despite the high virulence of type A strains, it was possible to attenuate this subspecies to obtain a low level of reactogenicity and still achieve robust protective immunity.
MATERIALS AND METHODS
Bacterial strains, primers, plasmids, and culture. All bacterial strains and plasmids used in the experiments in this study are listed in Table 1 . The primers used are listed in Table 2 . Escherichia coli strains were grown in Luria-Bertani broth or on Luria-Bertani agar plates with kanamycin (50 g/ml) or ampicillin (100 g/ml) when required. F. tularensis subsp. tularensis (type A) strain Schu S4 and the F. tularensis subsp. holarctica (type B) live vaccine strain (LVS) were subcultured on cysteine-supplemented Muller-Hinton agar (MHAC). For liquid cultures bacteria were grown in Trypticase soy broth supplemented with cysteine (TSBC). Growth comparison experiments were performed using TSBC and Chamberlain's defined medium as described elsewhere (43) . When appropriate, 25 g/ml rifampin or 15 g/ml kanamycin was added. All studies involving Schu S4 and derivatives of this strain were carried out in an approved biosafety level 3 laboratory.
DNA manipulation and transformation. DNA was prepared and purified using commercial kits (Qiagen, Valencia, CA). Oligonucleotides were synthesized by Integrated DNA Technologies Inc. Restriction endonucleases and ligase were purchased from New England Biolabs. HotStart Taq (Qiagen) was used for routine PCR. The FastStart high-fidelity PCR system (Roche, Indianapolis, IN) was used for complementation and suicide vector construction. DNA sequencing was performed at the University of Virginia Biomolecular Research Facility. DNA and protein sequences were compared and aligned with CLUSTAL W (55) . DNA transformation of Schu S4 was performed as described previously (43) .
Construction of nonpolar deletion mutant and complementation plasmids. DNA fragments corresponding to 1,336 bp upstream of FTT1103 (BM082 and BM083), including the start codon, and to 1,379 bp downstream of FTT1103 (BM084 and BM085), including the stop codon, were amplified by PCR and cloned into the sacB suicide vector pGir463 (a kind gift from Girija Ramakrishnan). The suicide plasmid pAQ031 was sequenced to verify the constructs before transformation. The plasmid was introduced by electroporation into competent strain Schu S4 as described previously (43) . Colonies were grown on MHAC plates containing kanamycin and then streaked on an MHAC plate supplemented with 5% sucrose. Chromosomal DNAs were isolated from sucroseresistant, kanamycin-sensitive colonies. Specific primers (BM064 and BM065) that corresponded to DNA flanking FTT1103 were used in PCR to confirm the deletion. The PCR product was sequenced to verify the nonpolarity of the deletion. The plasmid used for complementation of FTT1103 was constructed by inserting a full-length PCR product (obtained with BM064 and BM065), including 534 bp upstream of FTT1103, into the pFNLTP6-groE-gfp vector (37). The groE promoter was then deleted from this plasmid by digesting it with PacI, repairing the ends with an End-It DNA end repair kit (Epicentre, Madison, WI), and then self-ligating the DNA to obtain pAQ038. The cloned fragment was sequenced to verify the construct.
Invasion and intracellular replication assay. Human hepatocellular carcinoma HepG2 (ATCC HB-8065) and murine macrophage J774A.1 (ATCC TIB-67) cells were propagated in high-and low-glucose Dulbecco modified Eagle medium, respectively, supplemented with 10% fetal bovine serum. Infection was carried out by adding bacteria to cells in a tissue culture well in a plate and then centrifuging the plate at 1,000 ϫ g for 8 min. The plate was then incubated for 1 h at 37°C. After 1 h fresh medium containing 50 g/ml gentamicin was added. At the indicated time points the cells were lysed by addition of 0.1% sodium deoxycholate in phosphate-buffered saline (PBS) for 5 min or in water for 10 min. The number of bacteria was determined by plating serial dilutions of the 3), and this was followed by permeabilization of the plasma membrane with 50 g/ml digitonin in KHM buffer for 1 min at room temperature. Cells were then washed with KHM buffer and incubated with rabbit anti-Francisella antibody (1:5,000 in KHM buffer; BD Sciences, San Jose, CA) for 12 min at 37°C. Cells were then immediately washed with PBS and fixed with paraformaldehyde. Next, cells were permeabilized with 0.1% saponin-10% goat serum in PBS and incubated with mouse anti-Schu S4 antiserum (1:5,000) and rat anti-lysosome-associated membrane protein 1 (anti-LAMP-1) (1:250; University of Iowa Hybridoma Bank, Iowa City) in 0.1% saponin-10% goat serum in PBS for 1 h at room temperature. Mouse anti-Schu S4 serum was generated by immunizing mice with a Sarkosyl-insoluble membrane fraction of Schu S4. Following washes with PBS, cells were incubated with goat anti-rat Alexa 488, goat anti-rabbit Alexa 546, and goat anti-mouse Alexa 633 (all at a 1:1,000 dilution in 0.1% saponin-10% goat serum in PBS) for 1 h at room temperature. Samples were viewed with a Zeiss LSM 510 laser scanning confocal microscope using a ϫ63 oil immersion lens and either LSM Image Browser or Image J software. With this procedure, bacteria that were within phagosomes were stained blue, while cytoplasmic bacteria were stained both red and blue. A minimum of 100 bacteria per sample were counted, and each experiment was performed in triplicate. Heat-killed bacteria (15 min at 70°C) were included in each experiment as a control. The Student two-tailed t test was used for statistical analysis.
Mouse virulence and immunization studies. All mouse studies were approved by the University of Virginia's Animal Care and Use Committee. For intranasal inoculation or subcutaneous injection, 6-to 8-week-old C57BL/6 or BALB/c mice (Jackson Laboratory) were anesthetized with ketamine-HCl-xylazine. Twenty microliters of bacteria or PBS was inoculated into the nares, or 100 l was injected. In protection assays mice were intranasally or subcutaneously immunized with 10 8 CFU of BJM1028 (transposon insertion in FTT1103) or BJM1031 (deletion of FTT1103) and then intranasally challenged with wild-type strain Schu S4 20 to 40 days later. The intended challenge dose was 100 organisms. The actual inoculation, immunization, and challenge doses were confirmed by viable plate counting. Four mice were used for each immunization group. To have a 95% chance of detecting infection in a situation where it is assumed that only 75% of the mice are infected, three mice would be required for each group (13) . The infection and mortality rates for the PBS-immunized control groups were 100%, so four mice in each group were sufficient for these analyses. Overall, more than 40 mice were challenged with either the transposon or deletion mutant, and there were six separate vaccine trials. The mice were monitored daily. Mice showing signs of irreversible mortality were humanely euthanized. Death was considered to occur within 24 h.
Bacterial dissemination studies. Eight-week-old C57BL/6 mice were anesthetized prior to subcutaneous injection or intranasal inoculation of either 200 CFU of Schu S4 or 5.8 ϫ 10
11 CFU of BJM1031 as described above. Three mice from each group were euthanized on the indicated days. The lungs, livers, and spleens were harvested, homogenized in 2 ml of PBS with a tissue grinder, and serially diluted, and then the dilutions were plated on MHAC plates. The plates were incubated at 37°C for 48 h, and then the numbers of colonies were counted. For presentation purposes a log 10 transformation was performed on the data.
Antibody titers. At 28 days postimmunization sera, fecal extracts, and lung homogenates were collected from mice immunized with PBS and BJM1031 (1 ϫ 10 11 CFU) intranasally to determine the antibody response using enzyme-linked immunosorbent assays. Mouse fecal extracts were prepared by resuspending three pellets in 1 ml of PBS with protease inhibitor cocktail (catalog no. P2714; Sigma, St. Louis, MO), vortexing the preparation vigorously, and then centrifuging it at 16,000 ϫ g for 10 min. Supernatants were stored at Ϫ80 C (27) . Lung homogenates were prepared by homogenizing lung tissue with a tissue grinder in 2 ml PBS and then pelleting the debris by centrifugation at 16,000 ϫ g for 10 min. Supernatants were kept at Ϫ80 C until they were used. Microtiter plates were coated with 100 l of a 1-mg/ml Schu S4 lysate and incubated overnight at 4°C. The plates were then washed six times with wash buffer (PBS-0.1% Tween 20), blocked at 37°C for 1 h with PBS-1% bovine serum albumin (BSA), and then washed six times with wash buffer. Samples were diluted in PBS-0.1% Tween 20-1% BSA to obtain dilutions ranging from 1:125 to 1:78,125 for sera, 1:1 to 1:125 for fecal extracts, and 1:5 to 1:3,125 for lung homogenates. Each dilution was added (100 l/well) in duplicate to precoated wells and incubated at 37°C for 1 h. The plates were washed six times with wash buffer, and then 100 l of horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin G1 (IgG1), IgG2a, or IgA (Southern Biotech, Birmingham, AL) (diluted 1:5,000 in PBS-0.1% Tween 20-1% BSA) was added to each well and incubated at 37°C for 1 h. The plates were washed six times with wash buffer, and then 100 l of 3,3Ј,5,5Ј-tetramethylbenzidine single solution substrate (Zymed/Invitrogen, Carlsbad, CA) was added to each well and incubated at 37°C for 15 min, which was followed by addition of 100 l of 1 N HCl. The optical density at 450 nm (OD 450 ) was determined with a Bio-Rad 680 microplate reader (Bio-Rad, Hercules, CA). Endpoint antibody titers were calculated for each antibody isotype by linear regression analysis and were expressed as log 10 of the reciprocal of the highest antiserum dilution that gave an OD 450 greater than the cutoff value, which was defined as the average OD 450 for the PBS-immunized mice plus two standard deviations. Three mice were included in each group. The assays were performed in duplicate.
Immunoblot analysis. Whole-cell lysates of Schu S4 were boiled in Laemmli buffer for 10 min, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred to polyvinylidene difluoride membranes. Pooled preimmune or 45-day postimmune sera were incubated with membranes at a 1:1,000 dilution. HRP-conjugated anti-mouse IgG (Sigma, St. Louis, MO) and HRP-conjugated anti-mouse IgA (Southern Biotech Birmingham, AL) were used as secondary antibodies. Blots were visualized with a Pierce ECL Western blot detection kit (Thermo Scientific, Rockford, IL).
RESULTS
FTT1103 was required for intracellular survival. We previously identified a Schu S4 mutant with a transposon insertion in the FTT1103 locus that was unable to grow in HepG2 cells (43) . FTT1103 is predicted to encode a 365-amino-acid hypothetical lipoprotein protein. To further explore the intracellular survival defect in HepG2 cells, infection with BJM1028 (Tn::FTT1103) was followed over time (Fig. 1) . The uptake of BJM1028 was similar to that of wild-type strain Schu S4; however, it was apparent that BJM1028 did not replicate intracellularly within HepG2 cells and was rapidly eliminated, so this strain was undetectable by 48 h. FTT1103 protein was not required for growth in culture because BJM1028 and BJM1031 had growth curves similar to that of Schu S4 in TSBC or Chamberlain's defined medium (data not shown).
Macrophages are thought to be some of the primary host cells for F. tularensis in vivo (18) . To examine survival within macrophages, macrophagelike J774A.1 cells were incubated with Schu S4, BJM1031 (⌬FTT1103), or complemented strain BJM1035. BJM1031 was severely deficient for growth in J774A.1 cells, but growth was restored to nearly wild-type levels by transcomplementation of the locus (Fig. 2) .
The FTT1103 mutant BJM1031 was defective in escape from the phagosome. After uptake into host cells, Francisella resides in a phagosome that transiently acquires endosomal markers, such as early endosomal antigen, and has limited interaction with LAMP-1 and -2 before it escapes into and replicates in the cytoplasm (4, 21, 30, 45, 46) . To determine at what stage of intracellular growth BJM1031 was arrested, J774A.1 cells were infected with LVS, Schu S4, BJM1031, BJM1035, or heatkilled Schu S4 at an MOI of 50:1. At the indicated time points, cytoplasmic bacteria were labeled by perturbing the plasma membrane with digitonin, a selective detergent of cholesterolcontaining membranes, and then incubating the preparation with rabbit anti-Francisella LPS antibody. Schu S4-containing vacuoles were negative for staining with cholesterol-associated GM1 (data not shown). Total bacteria were labeled by permeabilizing cell membranes with 0.1% saponin, followed by labeling with mouse anti-Francisella antibody. The cells were then incubated with goat anti-rabbit Alexa 546 and goat anti-mouse Alexa 633. When this procedure was used, bacteria that were within phagosomes appeared to be blue, while cytoplasmic bacteria were stained both red and blue. As shown in Fig.  3A , heat-killed bacteria were retained in phagosomes (at 30 min, 89.2% Ϯ 5.2%; at 60 min, 96.5% Ϯ 3.7%; at 120 min, 93.4% Ϯ 2.4%), while LVS (at 30 min, 42.4% Ϯ 4.0%; at 60 min, 25.5% Ϯ 13.2%; at 120 min, 11.8% Ϯ 2.2%) and Schu S4 (at 30 min, 6.4% Ϯ 4.4%; at 60 min, 8.1% Ϯ 1.8%; at 120 min, 7.1% Ϯ 2.1%) were present in phagosomes at significantly lower levels. In contrast to LVS and Schu S4, BJM1031 was retained in the host cell phagosomes at much higher levels (at 30 min, 70.1% Ϯ 6.1%; at 60 min, 74.6% Ϯ 1.4%; at 120 min, 74.1% Ϯ 6.1%). The ability to escape from the phagosome was restored in the complementation strain, strain BJM1035 (at 30 min, 40.2% Ϯ 3.6%; at 60 min, 46.8% Ϯ 1.7%; at 120 min, 33.6% Ϯ 8.2%).
As a confirmation of the inability of BJM1031 to effectively escape from the host cell phagosome, we next examined the extent of colocalization of LAMP-1 and either heat-killed Schu S4, Schu S4, BJM1031, or BJM1035 by fluorescence microscopy ( Fig. 3C and 3D ). Heat-killed bacteria extensively colocalized with LAMP-1 (at 30 min, 77.6% Ϯ 4.8%; at 60 min, 88.3% Ϯ 2.9%), while Schu S4 evaded colocalization with LAMP-1 far more effectively (at 30 min, 19.4% Ϯ 6.1%; at 60 min, 15.7% Ϯ 5.1%). Consistent with its inability to escape from the host cell phagosome, BJM1031 colocalized with LAMP-1 at significantly higher levels than Schu S4 (at 30 min, 68.0% Ϯ 4.7%; at 60 min, 66.8% Ϯ 3.5%). Thus, these data suggest that the FTT1103 product is required for efficient escape from the phagosome.
The FTT1103 product was required for in vivo virulence. Ten or fewer Schu S4 bacteria are lethal to mice when the intranasal route is used (35) . To test the virulence of BJM1031, groups of four C57BL/6 mice were inoculated intranasally with the mutant bacteria using amounts in 10-fold increments from 2,000 to 2 ϫ 10 8 CFU. All mice, including those given the highest dose (2 ϫ 10 8 CFU), survived for more than 20 days. C57BL/6 mice also survived intranasal challenge by 1.8 ϫ 10 10 CFU of BJM1031 without visible signs of illness, while mice challenged with 6 ϫ 10 4 CFU of complemented strain BJM1035 died 10 days postinfection (Fig. 4) . In addition, C57BL/6 mice survived for more than 21 days after infection when 1 ϫ 10 6 CFU was administered via the intraperitoneal, subcutaneous, or intravenous route.
BJM1031 bacteria exhibit a dissemination defect in vivo.
To examine the ability of BJM1031 to persist and disseminate, C57BL/6 mice were inoculated by the intranasal or subcutaneous route with BJM1031 or Schu S4. Mice were sacrificed on 3). Briefly, the plasma membrane was first permeabilized with digitonin, and then cells were incubated with rabbit anti-Francisella antibody. Next, the cells were fixed and then treated with saponin, which permeabilized the entire membrane component of the cells. Finally, the cells were treated with mouse anti-Schu S4 and rat anti-LAMP-1 antisera, washed, and then incubated with goat anti-rat Alexa 488, goat anti-rabbit Alexa 546, and goat anti-mouse Alexa 633. Samples were viewed with a Zeiss LSM 510 laser scanning confocal microscopy. A minimum of 100 bacteria were counted for each sample, and experiments were performed in triplicate. Asterisks indicate values that were statistically different from the value for Schu S4 (P Յ 0. Schu S4 on day 1, but by day 3 BJM1031 was detectable only in the lungs. No bacteria were recovered from any organ from day 28 mice. When the subcutaneous route of inoculation was used, Schu S4 was detectable in the liver and spleen on day 1 but was not detectable in the lungs until day 3. No subcutaneously injected BJM1031 bacteria were recovered from any organ until day 3, and no bacteria were ever detected in the lungs. Low levels of BJM1031 persisted in the spleen and liver through day 5, and the mice appeared to be healthy when they were euthanized. No bacteria were detected in any organ on day 28. These results suggest that BJM1031 is defective in dissemination. When the intranasal route was used, low levels of bacteria were present in the lungs until at least day 5, but bacteria either did not disseminate to the spleen or liver or were eliminated at these sites. When the subcutaneous injection route was used, the bacteria did not disseminate to the lungs, but low levels did persist in the liver and spleen until at least day 5 in some mice.
Intranasal immunization with BJM1028 or BJM1031 protected C57BL/6 and BALB/c mice from intranasal challenge with wild-type bacteria. To test whether prior immunization with the FTT1103 mutants could elicit protective immunity, C57BL/6 mice were intranasally immunized and challenged 11 CFU of BJM1031. On the indicated days three mice from each group were euthanized. The lungs, livers, and spleens were harvested, homogenized with a tissue grinder, and then serially diluted, and the serial dilutions were plated on MHAC plates. For presentation log 10 transformation was performed on the data.
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FRANCISELLA VIRULENCE FACTOR 157 on November 11, 2017 by guest http://iai.asm.org/ Downloaded from with intended doses containing 10 8 mutant bacteria and 100 Schu S4 bacteria, respectively. The actual dose was determined by plating the dose on MHAC plates. In the first trial, mice were intranasally immunized with 1 ϫ 10 8 CFU of BJM1028 and then challenged 21 days later with 1,000 CFU of wild-type strain Schu S4. Two of the three mice were protected (Table  3) . To further test for protective immunity, 12 more mice were immunized with 1.3 ϫ 10 7 to 2.6 ϫ 10 7 CFU of BJM1031 and then challenged 30 to 40 days later with 35 to 70 CFU of Schu S4. Ten of the 12 mice survived (Table 3) . BALB/c mice were also immunized intranasally with 1 ϫ 10 8 CFU of BJM1031 and then challenged intranasally with 95 CFU of Schu S4. Three of four mice survived the intranasal challenge with 95 CFU of Schu S4. Intranasally immunized mice had both Schu S4-specific systemic and mucosal antibodies compared to nonimmune mice (Fig. 6) . Specific IgA was detected in the serum, fecal homogenates, and lung homogenates. Specific antibodies for both IgG1 and IgG2a isotypes were also detected.
DISCUSSION
We identified a novel locus, FTT1103, in the Schu S4 strain that is required for F. tularensis subsp. tularensis virulence. Mutation of this locus rendered this strain avirulent, but the strain was still able to elicit a protective immune response when it was introduced by the intranasal route. FTT1103 is predicted to encode a hypothetical lipoprotein. However, this protein also has a region with similarity (e value, 1.4e-06) to the conserved DsbA Pfam domain (PFO1323). DsbA proteins are periplasmic oxidoreductase enzymes that catalyze disulfide bond formation in nascent proteins as they enter or transit through the periplasmic space (6) . Several pathogenic bacteria with mutations in dsbA have attenuated phenotypes. The activity of DsbA has been shown to be important for the formation of a number of virulence factors, including the biogenesis of type IV pili in bacteria such as enteropathogenic E. coli and Pseudomonas aeruginosa (23, 60) , efflux pumps in E. coli and 11 CFU of BJM1031. Antibody isotype titers were determined by isotype-specific enzyme-linked immunosorbent assays. Endpoint antibody titers were calculated by linear regression analysis and were expressed as log 10 of the reciprocal of the highest dilution that gave an OD 450 greater than the cutoff value, which was defined as the average OD 450 for the PBS-immunized mice plus 2.0 standard deviations. Assays were performed in duplicate.
Burkholderia (24, 52) , the assembly and function of type III secretion systems in Salmonella enterica serovar Typhimurium and Shigella flexneri (14, 39, 61) , and toxins such as cholera and pertussis toxins (61) . DsbA is also important for the intracellular survival of S. flexneri, S. enterica serovar Typhimurium, and P. aeruginosa (14, 23, 39, 61) . It remains to be determined whether FTT1103 encodes a DsbA ortholog in Schu S4. Although the FTT1103 protein contains the conserved DsbA active site, this protein is only 67% similar in a 12-amino-acid overlapping region to E. coli DsbA (Bestfit, GCG version 11.1; Accelrys Inc., San Diego, CA). If FTT1103 encodes a DsbA ortholog, this suggests that the virulence defect of the FTT1103 mutant is indirect and could be due to the inactivation of multiple virulence factors. The virulence factors encoded by the FPI are some of the logical candidates. The genome of Schu S4 also contains all the genes necessary to assembly type IV pili, although the presence of pili on type A strains has not been demonstrated (17) . Clearly, these putative FTT1103-dependent factors would have to have roles in phagosomal escape and/or intracellular survival since the FTT1103 mutant was rapidly cleared from J774A.1 cells and at 3 h postinfection there was more than a 1-log difference in the number of bacteria recovered. A phagosomal integrity assay and LAMP-1 colocalization data also demonstrated that the FTT1103 mutant was impaired in the ability to escape from phagosomes. FTT1103 lipoprotein has been shown to be capable of inducing Toll-like receptor 2 (TLR2)-dependent proinflammatory chemokines, which suggests that it has a role in innate immunity, although Francisella has multiple TLR2 agonists (54) . Innate immune responses to LVS are mediated primarily through TLR2 (5, 25, 28, 32) .
Despite the high level of attenuation, the FTT1103 mutant was able to induce protective immunity against intranasal challenge with almost 10 times the reported lethal dose (Ͻ10 organisms) in two different mouse genetic backgrounds. Thus, although the FTT1103 protein is required for virulence, it is not an essential protective antigen. We initially chose a challenge dose of 100 bacteria to guard against dilution errors, which were significant. Although we did not specifically test the limits of protection, the fact that a few mice did not survive a challenge with 68 CFU suggests that protective immunity can be overwhelmed by higher challenge doses.
The specific growth characteristics of an attenuated Francisella vaccine candidate, particularly a vaccine candidate for use against challenges with type A strains, that are required to elicit a protective immune response remain unclear. iglC mutants of LVS or F. novicida have been shown to be severely impaired in phagosomal escape (34, 47) . Less than 1% of LVS and 10 to 20% of F. novicida iglC mutants are able to escape into the cytoplasm (34, 47) . However, intradermal immunization with a Schu S4 iglC mutant does not protect against an intradermal challenge with wild-type strain Schu S4, despite the ability of the mutant to persist for at least 4 days in mouse skin, livers, and spleens (56) . Although the FTT1103 mutant was defective in phagosomal escape, approximately 25% of the bacteria appeared to be able to escape into the cytoplasm. Perhaps, as suggested by other workers (9) , this low level of escape facilitates better antigen presentation and thus a more robust adaptive immune response. Dissemination or at least persistence in the liver was not required because BJM1031 was not detectable in the liver or spleen on day 3 but did persist in the lungs. Intranasal immunization with BJM1031 elicited both systemic and mucosal antibody responses. Both IgG1 and IgG2b isotypes were detected, suggesting that both Th-1 and Th-2 cytokine responses occur. Immune sera have been shown to protect against challenge with LVS (29, 41, 50), but both antibody and cell-mediated responses are necessary to control a type A infection (10, 11, 19) . We noticed that preimmune sera recognized several Schu S4 proteins. It seems unlikely that this reactivity represented prior exposure to Francisella because of the high degree of lethality and low lethal dose of Francisella (35) . Other investigators have observed Francisella proteins that cross-react with preimmune sera, including a ribosomal protein and GroE (15, 57) .
Human and animal studies with LVS have demonstrated that a live tularemia vaccine can be safe and efficacious (for a review, see reference 9). Optimal protection against aerosol or intranasal challenge requires immunization by the same route (7, 59) . One of the limitations of LVS is that is it more reactogenic when it is given by the aerosol or intranasal route (9, 26) . One approach to overcome reactogenicity would be to further attenuate LVS by creating defined mutants. One attempt at this was an LVS strain with a mutation in LPS biosynthesis; this strain protected against intranasal challenge with wild-type type B strains but not against intranasal challenge with type A strains (48) . However, an attenuated LVS mutant with a mutation in iron superoxide dismutase has shown increased protection against a respiratory challenge with Schu S4 compared to the protection provided by LVS (2) .
The large difference between the virulence of LVS, which has an intranasal 50% lethal dose of ϳ1,000 bacteria (38) , and the virulence of Schu S4 (essentially Ͻ10 bacteria given intranasally can kill 100% of the mice tested) might suggest that it is not possible to adequately or effectively attenuate a type A strain for use as a live vaccine. However, a spontaneous attenuated mutant of Schu S4, FSC043, provides good protection against intranasal challenge with wild-type bacteria (56) . It was discovered that FSC043 lacks a 58-kDa protein (FTT918). Twine et al. created a defined ⌬FTT918 mutant. This mutant also provides protection against wild-type challenge but is too virulent to be used as an attenuated vaccine. In contrast, we found that large doses of the FTT1103 mutant, given by every route tested, did not produce any overt symptoms of disease, and intranasal immunization was able to elicit an immune response that protected against a challenge that was at least 10 times the lethal dose. It is also noteworthy that this vaccine was efficacious in both the BALB/c and C57BL/6 mouse backgrounds. Wu et al. found that intranasal vaccination with LVS protected BALB/c mice but not C57BL/6 mice against intranasal challenge with a type A strain (59) . Our work demonstrates that it is possible to create a broadly protective attenuated or avirulent type A live vaccine with just a single defined mutation.
